We have demonstrated in our previous studies [1] [2] [3] that commercially available aminopropyl-silica gels for HPLC could be converted into functional silica gels exhibiting the π-π electron interaction by a modification with metalphthalocyanine derivatives. In particular, silica gels modified with the Cu-PCS derivative (Cu-PCSD) 3 have proved to be a superior HPLC stationary phase for the separation of π-electronrich compounds compared to pyrenylethyl-silica gels 4,5 or silica gels binding porphine and metal-porphines. 6,7 However, Cu-PCSD is still unsatisfactory regarding the theoretical plate numbers (N) for some PAHs. 3 In this study, we assumed that the small N values in the previous paper were caused by an electrostatic interaction 8, 9 between the solutes and the polar groups remaining on Cu-PCSD. As an attempt to elucidate the factor(s) responsible for the poor performance of the Cu-PCSD column, we tried to decrease the polarity of the silanol and/or amino groups by endcapping them with trimethylsilyl groups. This treatment resulted in an improvement of not only the N values, but also the efficiency of the separations of PAHs, thereby increasing the performance of the Cu-PCSD column. This improvement would be attributable to a decrease in the electrostatic interaction and also partly to an additional hydrophobic interaction between the trimethylsilyl-groups and the PAHs. The retention behaviors of hetrocyclic amines (HCAs), typical mutagens, 10 on the Cu-PCSD column were also changed after trimethylsilylation.
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Experimental

Reagents Silica gels.
As aminopropyl-silica gels, Develosil NH2-5 (Dev, particle size, 5 µm; specific surface area, 350 m 2 /g; average pore size, 120 Å) were purchased from Nomura Chemicals Co. Ltd. and dried at 150˚C for 2 h under a vacuum.
Chemicals and reagents.
Copper-phthalocyanine (Cu-PC, Fig. 1 ) was obtained from a commercial source (Kanto Kagaku Co. Ltd.) for the preparation of copper-phthalocyanine tetrasulfonylchloride (Cu-PCSCl, Fig. 1 ). Methanol used as mobile phases was of special-grade for HPLC. Special-grade dioxane was dried with molecular sieves and used for preparing modified silica gels. Trimethylchlorosilane (TMCS) and Ntrimethylsilylimidazole (TMSI) were purchased from GL Sciences Inc.
Samples.
π-Electron rich PAHs, benzene, naphthalene, Wako Pure Chemical Industries Ltd. (see Fig. 2A ). The HCAs shown in Fig. 2B , Trp-P-1 and -2 (Tokyo Kasei Co.), Glu-P-1 and -2 (Chemsyn Sci. Lab. Inc.), MeIQ (Wako Pure Chemical Industries Ltd.), and IQ and MeIQx (Toronto Res. Chem. Inc.) were commercially available. Other reagents were of analytical grade or reagent grade.
Preparation of modified silica gels with CuPCS (Cu-PCSD)
By following the method described in our previous paper, 2,3 silica gels were modified with the Cu-PCS derivative using the Cu-PCSCl and dry Dev in dry dioxane to yield Cu-PCSD (6.5 µmol Cu-PCS/g).
Preparation of the trimethylsilylated Cu-PCSD
According to methods described in the literature, 11 a 1.5 g amount of dry Cu-PCSD was suspended in a mixture of 50 ml of dry toluene and 5.0 ml of TMSI or TMCS. After adding 3.0 ml of dry pyridine, the mixture was refluxed for 6.0 h. The resulting trimethylsilylated Cu-PCSD (Cu-PCSD-TMSI or Cu-PCSD-TMCS) was filtered off and washed with chloroform and pure methanol. The filtrates were colorless, suggesting no elution of Cu-PCS from Cu-PCSD. The obtained Cu-PCSD-TMSI and Cu-PCSD-TMCS were each dried on P2O5 under a vacuum.
Preparation of the trimethylsilylated silica gels (Dev-TMSI and -TMCS)
Dev-TMSI and -TMCS were prepared by using dry Dev (1.5 g) instead of Cu-PCSD in the same manner as described above.
Columns packed with modified silica gels
The modified silica gels were packed into stainless-steel columns (4 mm × 150 mm) by a conventional slurry packing method (slurry solvent A conc, Chemco Co. Ltd.). As references, Dev-5 and Cu-PCSD were packed into a column in the same manner. All of the columns were stable and remained unchanged during use for at least for one year.
Apparatus
The HPLC system was constructed with a Shimadzu LC-9A pump and a Rheodyne sample injector with a 20-µl fixed loop (Model 7125). A Shimadzu photodiode array detector with a personal computer (Epson-286VS, a data station) was used to detect all samples at the same time. The column was allowed to stand at room temperature, around 25˚C.
As a mobile phase, mixtures of methanol and water were mainly used at a flow rate of 0.5 ml/min. The eluents were monitored at between 230 and 270 nm.
Sample solutions
As sample solutions, 500 µg/ml benzene, 10 µg/ml naphthalene, 1.0 µg/ml anthracene and 2.5 µg/ml phenanthrene in 80% methanol/20% water were used because of the low sensitivity of our photodiode array detector. The HCAs shown in Fig. 2B were dissolved in pure methanol.
Results and Discussion
We previously reported that more than 13 µmol of Cu-PCSCl could be bound to 1.0 g of aminopropyl-silica gels (Dev). 1 As schematically illustrated in Fig. 3 , Cu-PCSD is assumed to have a surface composed of free amino-and Cu-PCS-groups, since 6.5 µmol of Cu-PCS derivative is bound to 1.0 g of Dev. It is also assumed that there are many silanol groups remaining free below the surface. Figure 3 indicates that the low performance of the Cu-PCSD column may partly result from the interaction of the PAHs with the amino-and/or silanol-groups. As mentioned in previous papers, 2,3 Cu-PCS was assumed to be bound in parallel with the surface of the silica gel through three or four sulfonyl groups. Therefore, endcapping of these polar groups 302 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 was expected to favorably affect the performance of the Cu-PCSD column, such as the separation performance and the N values for the PAHs. Trimethylsilylation is one of the wellknown methods for masking these polar groups. 12, 13 In this paper, two reagents for trimethylsilylation, TMSI and TMCS, were used to mask (endcap) the amino-and/or silanolgroups. Since the former has been known to react only with the silanol-group, 12, 13 while the latter with both the silanol-and amino-groups, we could evaluate the contribution of these polar groups to the performance of the CuPCSD column by comparing the retention data obtained with the Cu-PCSD, Cu-PCSD-TMSI and -TMCS columns, and also those obtained with the Dev, Dev-TMSI and Dev-TMCS columns.
Separation of PAHs
Initially, we investigated the separation of six mutagenic PAHs (benzene, naphthalene, anthracene, phenanthrene, pyrene and chrysene) using the Cu-PCSD, Cu-PCSD-TMSI and Cu-PCSD-TMCS columns. The chromatograms obtained with these columns are summarized in Fig. 4 together with those obtained with the Dev, Dev-TMSI and Dev-TMCS columns. As can be seen from Fig. 4A , the Cu-PCSD-TMCS column, wherein the amino-and silanol-groups are masked with trimethyl-groups, shows better performance in the separation of the PAHs than that with the Cu-PCSD or Cu-PCSD-TMSI column. Figure 4 also shows that the separation of the PAHs is mainly caused by the π-π electron interaction between the PAHs and the Cu-PCS on the Cu-PCSD, and that the retention of the PAHs is probably affected by a hydrophobic interaction between the trimethylsilyl-group and the π-electron cloud of the PAHs. The above results are consistent with those obtained using the Dev-TMCS column, which failed to separate the PAHs, but retained the PAHs more strongly than did the Dev column, as shown in Fig. 4B . On the other hand, trimethylsilylation by TMSI, which masks only the silanol groups, has not improved the performance of the Cu-PCSD column. This can be interpreted as follows. In the case of the Cu-PCSD-TMSI, the silanol groups are not exposed on the surface of Cu-PCSD, as shown in Fig. 3 ; trimethylsilylation of the silanol groups has little effect on the above-mentioned interactions which affect the performance of the Cu-PCSD column.
The separation factors of chrysene to anthracene (αcry/ant) and pyrene to anthracene (αpyr/ant) on the Cu-PCSD-TMCS column, when calculated based on Fig. 4 , are 8.1 and 8.7, respectively. On the contrary, αpyr/ant for the Partisil 10 ODS-3 column 14 is only 1.5, and αcry/ant and αpyr/ant for the H2CPTPP column 6,15 are 2.5 and 1.7, which shows the superiority of the Cu-PCSD-TMCS column.
The N values of PAHs on various columns are summarized in Table 1 . Table 1 shows that the N values of PAHs on the Cu-PCSD-TMCS column are larger than those on the Cu-PCSD column, and that the N values on the Cu-PCSD-TMSI column are comparable or inferior to those on the Cu-PCSD column. These results suggest that the amino-groups remaining on the Cu-PCSD lower the N values in the separation of the PAHs through an electrostatic interaction with the π-electron cloud of the PAHs. It is also apparent from Table 1 that the N values of the Cu-PCSD-TMCS column are comparable with those estimated from the chromatogram on the H2CPTPP silica (endcapped with an acetyl-group; see footnote of Table 1 , a) column. 6 However, the N values of chrysene and pyrene of the columns examined here were smaller than those by the 303 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 -PCSD-TMSI  2900  2800  2700  2900  1200  1000  Cu-PCSD-TMCS  3200  3700  4700  4500  2000  1900  H2CPTPP 
Separation of anthracene-derivatives
Anthracene and its derivatives are known to exhibit mutagenicity. 16, 17 We thus investigated the efficiency of the Cu-PCSD-TMCS column for separating five anthracene-derivatives, which could not be completely separated on the Cu-PCSD column, as shown in Fig. 5 . As a result, these anthracenes are separated with the Cu-PCSD-TMCS column, as can be seen from Fig. 5 . In addition, the anthracenes were retained more strongly on the Cu-PCSD-TMCS column than on the Cu-PCSD and Cu-PCSD-TMSI columns, indicating that the trimethylsilylgroups bound to the amino-groups interact weakly with the anthracenes through hydrophobic interactions, such as an alkyl-π interaction. In the case of the Cu-PCSD-TMSI column, 1-amino-and 9,10-methyl-anthracenes overlapped with the peaks of 1-chloro-and 9,10-cynano-anthracenes, respectively, as shown in Fig. 5 . These results also indicate that the efficiency of the Cu-PCSD column is not related to the remaining silanolgroups but, rather, is affected by the remaining amino-groups.
Separation of HCAs
To reveal the effects of the remaining amino and/or silanol group on the retentions of polar compounds, we tried to separate mutagenic HCAs, the structures of which are shown in Fig. 2B . When 50% methanol/water was used as the mobile phase, the mutagens, IQ, MeIQx, Trp-P-1 and Trp-P-2, were more strongly retained on the Cu-PCSD and Cu-PCSD-TMSI columns than the Cu-PCSD-TMCS column, as can be seen from Fig. 6 . Moreover, the elution-order of these HCAs on the Cu-PCSD-TMCS column is different from those on the Cu-PCSD and Cu-PCSD-TMSI. These results indicate that the HCAs interact strongly with the remaining amino-groups on the Cu-PCSD through such electrostatic interactions as the dipole-dipole interaction 18 and hydrogen bonding 19 in addition to the π-π interaction. We then used pure methanol as the mobile phase in order to decrease the electrostatic interactions. Consequently, four mutagenic HCAs (IQ, MeIQx, MeIQ and Glu-P-2) were separated on the Cu-PCSD-TMCS column, while they were not well separated on the Cu-PCSD and Cu-PCSD-TMSI columns, as shown in Fig. 7 . Thus, the Cu-PCSD-TMCS column is superior to the Cu-PCSD and Cu-PCSD-TMSI columns for the separation of HCAs. In addition, the Cu-PCSD-TMCS column is capable of separating Glu-P-1 and -2 (see Fig. 8 ), which are not well separated on the Cu-PCSD and Cu-PCSD-TMSI columns. The N value of Glu-P-1 (3300) on the Cu-PCSD-TMCS column is about six-times the N value, estimated to be 620 on the blue-silica (silica gel binding C. I. Reactive Blue 21, a Cu-phthalocyanine derivatives) column. 10 Furthermore, the separation factor (2.2) of Glu-P-1 to Glu-P-2 is superior to that (estimated to be 1.2) on the blue silica column. 10 In conclusion, the presence of amino-groups on the Cu-PCSD is one of the factors responsible to the poor performance of the Cu-PCSD column. It was revealed that endcapping the amino groups by trimethylsylation decreased the electrostatic interactions and induced a hydrophobic interaction, thereby improving the efficiency of the Cu-PCSD column for the separations of mutagenic PAHs and HCAs. This provides a method to improve the performance of the Cu-PCSD column. Fig. 6 Chromatograms of HCAs. 1: IQ; 2: MeIQx; 3: Trp-P-1; 4: Trp-P-2. HPLC conditions: mobile phase, 50% methanol/water; flow rate, 0.5 ml/min. Fig. 7 Chromatograms of HCAs. 1: Glu-P-2; 2: IQ; 3: Me-IQ; 4: Me-IQx. HPLC conditions: mobile phase, methanol; flow rate, 0.5 ml/min. Fig. 8 Chromatograms of Glu-P-1 and -2. 1: Glu-P-2; 2: Glu-P-2. HPLC conditions: mobile phase, methanol; flow rate, 0.5 ml/min.
